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ABSTRACT

The key event in the choice of repair pathways
for DNA double-strand breaks (DSBs) is the initial
processing of ends. Non-homologous end joining
(NHEJ) involves limited processing, but homology-
dependent repair (HDR) requires extensive resec-
tion of the 5’ strand. How cells decide if an end is
channeled to resection or NHEJ is not well under-
stood. We hypothesize that the structure of ends
is a major determinant and tested this hypothe-
sis with model DNA substrates in Xenopus egg ex-
tracts. While ends with normal nucleotides are effi-
ciently channeled to NHEJ, ends with damaged nu-
cleotides or bulky adducts are channeled to resec-
tion. Resection is dependent on Mre11, but its nu-
clease activity is critical only for ends with 5’ bulky
adducts. CtIP is absolutely required for activating the
nuclease-dependent mechanism of Mre11 but not the
nuclease-independent mechanism. Together, these
findings suggest that the structure of ends is a ma-
jor determinant for the pathway choice of DSB repair
and the Mre11 nuclease dependency of resection.

INTRODUCTION

DNA double-strand breaks (DSBs) are among the most
dangerous damages to the genome. They can arise from
exposure to a plethora of DNA damaging agents such as
ionizing radiation, anti-cancer drugs, and cellular metabo-
lites (1-3). They are also intentionally introduced to ex-
ecute specific biological processes such as Spoll-induced
meiotic cross-over, RAG-mediated V(D)J recombination,
AlD-induced class switch recombination, and topoiso-
merase 2-catalyzed changes in DNA topology (4-6). Proper
repair of DSBs is essential to the stability of the genome and
failure to do so underlies many human diseases like immun-
odeficiency, premature aging, and most importantly, can-
cer (1,2,7,8). Clinically, some of the mainstay cancer treat-
ments, such as the topoisomerase inhibitors etoposide and

camptothecin, act by inducing DSBs in cells (6,9,10). Eluci-
dating the mechanism for DSB repair is thus of fundamen-
tal importance to the understanding of genome instability
in cancer development and holds great potential in improv-
ing anti-cancer treatment (10-13).

There are two relatively well studied DSB repair
pathways: non-homologous end joining (NHEJ), and
homology-dependent repair (HDR) (1,14,15). NHEJ is or-
chestrated by the end binding protein Ku and accomplished
by directly ligating the ends, usually after minor process-
ing. HDR consists of two subtypes: homologous recom-
bination (HR) and single-strand annealing (SSA). HR re-
pairs DSBs by invading a homologous sequence to copy
the missing information. If a DSB occurs between two di-
rect repeat sequences, it can also be repaired by SSA and
the final product retains effectively only one of the two re-
peats. The key event in the bifurcation of NHEJ and HDR is
the initial processing of DNA ends (16,17). NHEJ involves
no or limited processing of ends, HDR requires resection
of 5 strands to form 3’ ss-tails. The choice of DSB repair
pathways is thus dictated by the factors that determine if
a DNA end is channeled to resection. One critical regula-
tory factor is cell cycle stage, as resection and HDR are ac-
tive only during S and G2 phases (16). However, NHEJ and
HDR are both active during S and G2, so additional factors
must exist that affect DSB repair pathway choice. One po-
tential factor is the structure of DNA ends. While ends with
normal nucleotides are efficiently repaired by NHEJ, most
clinically relevant ends, such as those generated by ioniz-
ing radiation or cancer drugs, have damaged nucleotides or
bulky adducts (1,3). Such damaged ends are difficult to re-
pair by NHEJ and thus pose a particularly serious problem
to the genome during replication (8,18). It is reasonable to
hypothesize that S phase cells might channel damaged ends
to resection rather than wait for NHEJ.

DSB resection is carried out mainly by two path-
ways, one catalyzed by the 5—3 ds-DNA exonucle-
ase Exol and the other by the combined actions of a
RecQ-type DNA helicase, the 5—3" ss-DNA exonucle-
ase DNA2, and the ss-DNA binding protein replication
protein A (RPA) (19-24). The initiation of resection usu-
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ally requires the Mrell/Rad50/Nbsl complex (MRN)
(Mrell/Rad50/Xrs2 (MRX) in budding yeast) and Sae2
(CtIP in higher eukaryotes), but the underlying mechanism
is still not well understood. The current model emphasizes
the central role of the nuclease activity of Mrell, which
has both 3’5 DNA exonuclease activity and ss-DNA en-
donuclease activity (25-29). Largely based on the study of
DSBs with 5-linked Spoll in meiotic yeast cells, it has
been proposed that the ss-DNA endonuclease activity of
Mrell makes an initial cut near the 5’ end and then the
3'— 5 exonuclease activity of Mrell digests DNA in the
3'— 5 direction while Exol (and DNA2 in mitotic cells)
degrade DNA in the 5— 3’ direction for extensive resec-
tion (30). This model is supported by many studies showing
that the nuclease activity of Mrell is important for resec-
tion of ionizing radiation induced DSBs (31-33). In partic-
ular, a recent study suggests that at ends with bulky adducts,
Sae2 can activate a cryptic ds-DNA endonuclease activity in
Mrell to cleave the 5’ strand (34). However, it is also known
that the Mrell nuclease activity is not important for HO-
endonuclease induced DSBs in mitotic yeast cells (35). Fur-
thermore, in biochemical reconstitution experiments with
purified proteins and clean ends, MRN/MRX is sufficient
to stimulate resection even in the absence of Sae2/CtIP (36—
39). Sae2 can stimulate Exol-mediated resection, but this
stimulation is independent of Mrell nuclease activity (40).
The apparently conflicting observations might be the result
of different types of DSBs used in these studies.

The in vivo studies of how different types of DSBs are re-
paired are hampered by the technical difficulty in generat-
ing ends with various defined structures. While it is possible
to introduce clean DSBs with site-specific endonucleases,
it is currently impossible to introduce a pure type of dam-
aged ends in cells. For example, ionizing radiation and DNA
damaging drugs such as bleomycin and topoisomerase in-
hibitors generate a myriad of damages, including ends with
protein adducts, SSBs with protein adducts, stalled replica-
tion forks, or reversed replication forks (1,3). Therefore, in
vivo studies can only assay for the composite outcome of
multiple repair pathways. For ‘dirty ends’, the assay for re-
pair poses an additional problem. One is forced to use in-
direct assays such as the formation and disappearance of
vH2AX foci as a proxy for DSB repair (18,41). To overcome
this difficulty, we have used biochemical reconstitution in
Xenopus egg extracts to gain more precise mechanistic in-
sights into the role of end structure on the choice of DSB
repair pathways. By using model substrates carrying differ-
ent types of end structures, we found that ends with nor-
mal nucleotides are efficiently repaired by NHEJ, but ends
with damaged nucleotides or bulky adducts are more refrac-
tory to NHEJ and channeled to resection. We also found
that MRN is required for the resection of all the damaged
ends. However, the nuclease activity of Mrel 1 is critical only
for the resection of DSBs with 5" bulky adducts, suggesting
MRN can initiate resection by both a nuclease-dependent
and a nuclease-independent mechanism. CtIP is absolutely
required for activating the nuclease-dependent mechanism
of Mrel1 but not the nuclease-independent mechanism. To-
gether, these findings reveal important insights into the reg-
ulation of DSB repair pathway and the role of Mrell nu-
clease activity in resection.

MATERIALS AND METHODS

Preparation of Xenopus egg extracts and immunodepletion of
Xenopus Mrell and CtIP

Membrane-free extracts were prepared from unfertilized
interphase Xenopus eggs following the published protocol
(42). Mrell and CtIP were depleted as previously described
(38).

Expression and purification of recombinant Xenopus MRN
complex

The nuclease-dead mutant Mrell (H130S/N) was prepared
using the QuikChange site-directed mutagenesis kit (Agi-
lent, CA). The wild-type and mutant MRN complexes were
purified by conventional column chromatography as previ-
ously described (38).

DNA resection assays in Xenopus egg extracts

The DNA substrates carrying damaged 3’ ends were pre-
pared by linearizing a 5.7kb plasmid (pBLP) with BamHI
and then filling the end with dGTP, 3*P-dATP, TTP,
and dCTP/ddCTP/biotin-14-dCTP (Invitrogen, CA). The
DNA substrates carrying damaged 5’ ends were prepared by
PCR with a 5.7-kb plasmid template (pBS-N), Pfu DNA
polymerase (Promega, WI), and oligonucleotides carrying
S’-phosphotyrosine, biotin, or hydroxyl groups (Midland,
TX) in the presence of *P-labeled dATP. The products were
purified first by Qiagen’s PCR purification columns and
then by gel-filtration with Sepharose CL-2B beads (Sigma-
Aldrich, MO, USA). The peak fractions were pooled and
concentrated to 50 ng/ul. To prepare avidin-bound DNA,
the 3’ or 5 biotin DNA was pre-incubated at 20 ng/pl
with 4ug/wl avidin (Neutravidin; Pierce/ ThermoScientific,
IL) on ice for 5 minutes. A typical resection assay
contained 5wl depleted extracts, 0.5ul 10x ATP mix
(20 mM ATP/200mM phosphocreatine/0.5mg/ml creatine
kinase/50 mM DTT), 1-1.5 ng/ul DNA, and ELB buffer
(10 mM HEPES (pH 7.5)/50 mM KCl/2.5 mM MgCl, /250
mM sucrose/l mM DTT) or protein (total volume = 7.5
wl). The reactions were incubated at 22°C and samples were
taken at the indicated times and mixed with an equal vol-
ume of 2% SDS/25mM EDTA. At the end, samples were
brought up to 10 wl with H,O and treated with 1 pl pro-
teinase K (10 mg/ml) at 22°C for 2 h. The resection products
were separated by 1% TAE /agarose gel electrophoresis and
the gels were dried and exposed to Phosphorimager (Fuji)
or film.

Analysis of resection intermediates

DNA intermediates were isolated from extracts by first in-
cubating with 3 volumes of ELB buffer supplemented with
25 mM EDTA and 1/2 volume of proteinase K (10 mg/ml
in H,0) at 22°C for 2 h and then purified with the PCR
purification columns following the manufacturer’s protocol
(Qiagen, CA, USA). To detect the presence of 3’ biotin on 3’
ss-overhangs or resection intermediates, the DNA was pre-
incubated with ELB buffer or avidin on ice for 5 min, and
then treated with Escherichia coli Exol (NEB, MA) at 22°C



for 60 min. To analyze the intermediates of the 5" biotin-
avidin DNA, DNA was treated with E. coli Exol (0.2 u/pl,
NEB, MA) or RecJ (0.3 u/ul; NEB, MA) at 22°C for 60
min. To detect the presence of 5 biotin, DNA was pre-
incubated with ELB buffer or avidin on ice for 5 min, and
then treated with T7 Exo (0.6 unit/wl; NEB, MA) at 22°C
for 60 min. Reactions were analyzed by 1% TAE-agarose gel
electrophoresis and the gels were first stained with SYBR
Gold (Invitrogen, CA, USA) and then dried for exposure
to film.

Analysis of MRN’s effect on Exol’s activity towards 3’ avidin
DNA

To assay the effect of 3’ avidin on exonuclease activity,
the 3?P-labeled 3’ biotin substrate was pre-incubated at 20
ng/wnl with ELB or 4 pg/pl avidin on ice for 5 min. The
substrates were then incubated with lambda exonuclease
(0.025 unit/pl; NEB, MA) or purified recombinant Xeno-
pus Exol (0.25ng/pl) at 22°C. To assay the effect of the
MRN complexes on the nucleases, the reactions also con-
tained recombinant wild-type or mutant MRN proteins at
16 ng/pl. Samples were taken at the indicated times, mixed
with equal volume of 2% SDS/25 mM EDTA. After the
final time point was taken, samples were treated with pro-
teinase K at 1 mg/ml at 22°C for 2 h and then analyzed
by 1% TAE-agarose gel electrophoresis. The gels were first
stained with SYBR Gold (Invitrogen, CA, USA) and then
dried for exposure to film.

Data quantitation and analysis

The amounts of substrates remaining or products produced
were quantitated by Fuji ImageQuan (Fuji). The averages
and standard deviations were calculated and plotted. Com-
parisons of means were conducted by one-tailed T-tests.

RESULTS

DNA with 3’ damaged nucleotides or bulky adducts is chan-
neled to resection

To mimic damaged 3’ ends, linear DNA substrates (5.7 kb in
length) were prepared to carry a normal nucleotide (dC), a
dideoxynucleotide (ddC), or a biotin nucleotide (biotin at-
tached to the N4 position of dC via a 14-atom linker) at
the 3’ end. The ddC mimicked damaged nucleotides and
binding of the avidin protein (mw = 60 kDa) to biotin dC
mimicked DNA with bulky adducts. The substrates also
carried a 3?P-labeled nucleotide adjacent to the 3’ end to
allow easy detection of DNA. The substrates were incu-
bated with Xenopus egg extracts and the products taken
at various times were analyzed by TAE-agarose gel elec-
trophoresis. DNA with normal 3’ nucleotides was efficiently
repaired into supercoiled and relaxed monomers, dimers,
and multimers (Figure 1A&B). This type of repair has pre-
viously been shown to be Ku-dependent NHEJ (43,44). In
contrast, DNA with 3’ ddC was resected over time, giving
rise to faster migrating products and only a small amount
of supercoiled monomers. The intermediates still carried
3P, consistent with the 5— 3’ direction of resection (45).
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There was also a small amount of linear dimers and multi-
mers, most likely produced by resection-mediated end join-
ing repair. DNA with 3’ biotin gave rise to more supercoiled
monomer products than ddC DNA, but was mostly chan-
neled to resection. The DNA with 3" avidin was practically
completely channeled to resection with no detectable super-
coiled monomer products. Notably, avidin had no effect on
the DNA with dC or ddC ends, suggesting that it was indeed
the bulky adduct at the 3" end that channeled the DNA away
from NHEJ into the resection pathway.

Resection does not require the removal of the 3’ avidin

A bulky adduct at the 3’ end is expected to cause steric
hindrance to the access by resection proteins. An impor-
tant mechanistic question is if the adduct has to be re-
moved before resection can start. The resection interme-
diates still carried 3P, but it was three nucleotides inside
the biotin-avidin end, so a cleavage might have occurred be-
tween biotin-avidin and the 3P nucleotide. To address this
question, we examined if the resection intermediates still
retained biotin at the 3’ end. DNA with 3’ avidin was in-
cubated in extracts and the intermediates at various times
were isolated by a procedure that destroyed avidin (if still
present). The presence of biotin at the 3’ end was then de-
tected by resistance of the DNA to E. coli Exol, a 3’ strand-
specific ss-DNA exonuclease. As shown in Figure 1C, this
nuclease could attack 3’ ss-overhangs even if the 3’ end car-
ried a biotin, but not if the 3’ end was pre-incubated with
avidin. In contrast, 3’ ss-overhangs with ddC at the end were
degraded by the enzyme equally well with or without avidin.
When the resection intermediates were incubated with E.
coli Exol, they were all degraded, confirming that they car-
ried 3’ ss-overhangs (Figure 1D). However, when they were
pre-incubated with avidin, the intermediates all became re-
sistant to E. coli Exol, indicating that they still carried bi-
otin at the 3’ end. Because of the extremely high affinity
of avidin for biotin (K, ~ 10" M~! (46)), these data sug-
gest that resection proceeds without the prior removal of
the avidin from the 3’ end.

DNA with 5’ damaged nucleotides or bulky adducts is also
channeled to resection

We next examined the fate of DNA with damaged 5’ ends.
DNA substrates were prepared by PCR with a 5.7 kb plas-
mid template and 5 primers carrying various 5 modifi-
cations in the presence of *’?P-dATP. They were incubated
in Xenopus egg extracts and samples taken at the indi-
cated times were analyzed by agarose gel electrophoresis.
As shown in Figure 2A, DNA with 5 -OH, which could
easily be phosphorylated in the extract, was efficiently re-
paired into supercoiled and relaxed monomers and some
dimers and multimers. In contrast, for DNA with 5 p-Tyr,
which mimics degraded Top2 (47), there was a lot of degra-
dation and only a small amount of supercoiled monomer
products. The levels of dimer and multimer products were
also reduced when compared to DNA with the 5'-OH ends.
DNA with 5 biotin (attached to the C6 position of dG via
a 14-atom linker) was very similar to DNA with 5 p-Tyr ex-
cept that the amount of supercoiled monomer product was
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Figure 1. DNA with 3’ damaged nucleotides or bulky adducts is channeled to resection. (A) DNA substrates bearing different types of 3’ ends and labeled
by 32P at the third nucleotide from the 3’ end were incubated with Xenopus egg extracts for the indicated times. The products were analyzed on a 1% TAE-
agarose gel. (B) Plot of the percentages of substrates converted into supercoiled monomer products at 180’. The averages and standard deviations were
calculated with four sets of data. (C) Assay for detecting biotin at the 3’ end of ss-DNA. The 32P-labeled 3’ ddC or biotin DNA with short 3’ ss-overhangs
was pre-incubated with buffer or avidin and then treated with E. coli Exol. The products were analyzed on a 1% TAE-agarose gel. (D) Avidin was not
removed from the 3’ end of resection intermediates. 3’ avidin DNA was incubated in extracts for the indicated times, isolated, supplemented with buffer or
avidin, and treated with E. coli Exol. The products were analyzed on a 1% TAE-agarose gel.

much lower to a level barely detectable (P value = 0.001).
5’ biotin, unlike 5" p-Tyr, cannot be cleaved off by tyrosyl-
DNA phosphodiesterase 2 (TDP2) (48), so this observation
suggests that the small amount of supercoiled monomer
product with the 5" p-Tyr substrate was most likely the re-
sult of TDP2 mediated NHEJ repair. For the DNA with
5" avidin, which mimics intact Top2 covalently linked to
the 5’ end, there was also efficient degradation and no de-
tectable level of supercoiled monomer products but signifi-
cant amount of dimers and multimers, mostly likely as the
result of resection-mediated end joining. Collectively, these
data demonstrate that DSBs with damaged nucleotides and

bulky adducts at the 5’ end are channeled away from NHEJ
to resection.

5’ bulky adducts are removed by resection

5’ bulky adducts pose an even more challenging steric hin-
drance than 3’ bulky adducts to the resection proteins. If
resection still acts on the 5 strand, then 5" bulky adducts,
unlike 3’ bulky adducts, have to be removed. In the above
experiment, the DNA with 5" avidin was uniformly labeled
by P, so it was not possible to know the direction of re-
section. To address this question, we purified the resection
intermediates after 30 min of incubation in the extract. The
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Figure 2. DNA with 5’ damaged nucleotides or bulky adducts is channeled to resection. (A) 32P -labeled DNA substrates bearing different types of 5’
ends were incubated with Xenopus egg extracts for the indicated times. The products were analyzed on a 1% TAE-agarose gel and detected by exposing the
dried gel to X-ray film. Avidin is bound to DNA ends via biotin. (B) Plot of the percentages of substrates converted into supercoiled monomer products
at 180'. The averages and standard deviations were calculated with five sets of data. (C) Resection of 5" avidin DNA proceeds in the 5'— 3’ direction. 5’
avidin DNA was incubated with extracts for 30 min and re-isolated. They were incubated with buffer or avidin and then treated with E. coli Exol or Recl.

The products were analyzed on a 1% TAE-agarose gel.

DNA was then subjected to treatment with two E. coli nu-
cleases: Exol, which degrades 3’ ss-DNA, and RecJ, which
degrades 5’ ss-DNA. As shown in Figure 2C, treatment with
E. coli Exol, but not ReclJ, made the intermediates migrate
faster, indicating that they carried 3’ ss-overhangs, which is
consistent with the 5'— 3’ direction of resection. Therefore,
the 5" adduct, unlike the 3’ bulky adduct, is removed by the
resection machineries.

Mrell but not its nuclease activity is essential for the resec-
tion of DNA with 3’ damaged nucleotides or bulky adducts

While Mrell is an important player in the initiation of re-
section, inactivating MR X in yeast only causes a 2-fold de-
crease in resection in proliferating cells (49). In addition,
it has been shown to be essential for resection during G2
phase but not during S phase (50,51). One explanation for
these observations is that Mrell is only required for re-
section of some types of ends. Indeed we have previously
shown that, while the resection of DNA with 3’ ddC requires
MRN, the resection of DNA with 3’ ss-overhangs is inde-
pendent of MRN (38). We thus tested if the substrates with
different 3’ and 5’ damaged ends in this study might have
different dependencies on Mrell for resection. To do this,
Mrell was depleted from extracts with specific antibodies
as previously described (38). The substrates carrying 3’ ddC
or avidin were then incubated in Mrell depleted or mock
depleted extracts. The resection of both types of DNA was
strongly inhibited by the depletion of Mrel1 (Figure 3A and
B). The inhibitory effect of Mrel 1 depletion was specific be-
cause resection was all efficiently complemented by the ad-
dition of the purified recombinant Xenopus MRN (Figure
3A and B). These data suggest that Mrell is essential for

the resection of DNA with damaged nucleotides or bulky
adducts at the 3’ end.

We then examined if the nuclease activity of Mrel 1 is im-
portant for the resection of 3" damaged ends. To do this, we
expressed and purified a mutant MRN complex with the
catalytic histidine of Mrell mutated (Figure 3C). The cor-
responding mutation in p. furiosus Mrell (H85) caused a
complete inactivation of the nuclease activity (28). As ex-
pected, the mutant Xenopus MRN lost nuclease activity
when assayed with M13 ss-DNA (Figure 3D). To assess
whether the mutant MRN could support resection, the 3’
ddC or avidin DNA was incubated in MrelI-depleted ex-
tracts supplemented with equal amounts of either the wild-
type or the mutant MRN complex. As shown in Figure
3A&B, the mutant MRN was less active than the wild-type
in supporting the resection of DNA with 3’ ddC, but the ma-
jority of DNA was resected after three hours of incubation.
Against the 3’ avidin DNA, the mutant was only slightly
less active than the wild-type at the earlier time points, but
caught up with the wild-type later. All the 3’ avidin DNA
was degraded after two hours of incubation with either the
wild-type or the mutant MRN. These data suggest that the
nuclease activity of Mrell, while having some effect, is not
essential for the resection of DNA with damaged 3’ ends,
especially 3’ bulky adducts.

The Mrell nuclease activity is critical for the resection of
DNA with 5’ bulky adducts

We next determined if Mrell and its nuclease activity are
required for the resection of DNA with 5" p-Tyr or avidin.
The two DNA substrates were incubated in mock or Mrel 1-
depleted extracts. As shown in Figure 4A&B, Mrell deple-
tion inhibited the resection of both DNA, especially that
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Figure 3. Mrell but not its nuclease activity is essential for the resection of DNA with 3" damaged nucleotides or bulky adducts. (A) Effect of MREI11
depletion on the resection of 3’ ddC and 3’ avidin DNA. The substrates were incubated in mock-depleted or Mrel 1-depleted extracts (with or without 8
ng/ul wild-type (wt) and mutant (mt) MRN) and the products were analyzed on a 1% TAE-agarose gel. (B) Plots of the amounts of 3’ 32P on the remaining
substrates at the indicated times. The averages and standard deviations were calculated with three sets of data. (C) A Coomassie blue stained SDS-PAGE
gel showing the purified MRN complexes. (D) Ss-DNA endonuclease assay of the MRN complexes. Wild-type and mutant MRN (8ng/pl) were incubated
with ss-M13 DNA (10 ng/pl) at 22°C for 30 min. The products were separated on a TAE-agarose gel and detected by SYBR Gold staining.

of 5 avidin. More of the 5’ p-Tyr DNA was repaired, with
the percentage of supercoiled monomer products increased
by 3.6 (£1.2) fold in Mrel 1-depleted extracts. This suggests
that the lack of resection provided more time for TDP2 to
process the end for NHEJ. The 5" avidin DNA, in contrast,
was very stable, suggesting that the NHEJ factors were in-
capable of processing 5’ bulky adducts even in the absence
of resection. The inhibition was reversed by the addition of

the wild-type MRN, indicating that the effect was specific.
The mutant MRN was quite effective at rescuing the resec-
tion of the 5’ p-Tyr DNA, only slightly less than the wild-
type (Figure 4A&B). However, it was very inefficient against
DNA with 5" avidin. Even after 3 hours of incubation, there
was still over 60% of the substrate left.

To determine if Mrell and its nuclease activity were re-
quired for the removal of 5’ avidin, the DNA was incubated
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Figure 4. The Mrel 1 nuclease activity is critical for the resection of DNA with 5" bulky adducts. (A) Effect of Mrel 1 depletion on the resection of 5’ p-Tyr
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stained with SYBR Gold, and dried for exposure to X-ray film.

in mock or Mrel 1-depleted extracts for 30 min and then re-
isolated by a procedure that destroys avidin (if still present).
The existence of 5’ biotin was detected by using the bacterial
T7 Exo, a 5—3 ds-DNA exonuclease. T7 Exo could effi-
ciently degrade ds-DNA with a biotin at the 5" end (Figure
4C). However, if the DNA was pre-incubated with avidin,
it became resistant to T7 Exo. Notably, linear pUC DNA
(with no biotin at the end) in the same reactions was still
sensitive to T7 Exo, indicating that it’s the avidin at the
5" end that blocked T7 Exo. The DNA isolated from the

mock-depleted extracts was sensitive to T7 Exo, even after
pre-incubation with avidin (Figure 4C). This is consistent
with partial resection that had removed the 5 avidin. In
contrast, the DNA isolated from Mrell-depleted extracts,
supplemented with either buffer or the mutant MRN com-
plex, was sensitive to T7 Exo, but became resistant after pre-
incubation with avidin. This indicates that the biotin (and
thus avidin) at the 5 end was stable in these extracts. To-
gether these data suggest that Mrell and its nuclease activ-
ity are critical for the removal of 5" bulky adducts.
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The structure of ends also determines the requirement for
CtIP

The data presented above suggest that the requirement for
the Mrell nuclease activity in resection is determined by
the structure of ends. The Mrell nuclease activity is neces-
sary only for the DNA with 5 bulky adducts, but dispens-
able for other types of DNA, in particular the type with 3’
bulky adducts. However, the Mrell endonuclease activity
is activated by CtIP on DNA with bulky adducts regardless
of their placement at the 5" or the 3’ end of DNA (34). An
important mechanistic question is what role CtIP, the other
key factor for the initiation of resection, plays in the resec-
tion of these types of DNA. To address this question, CtIP
was depleted from Xenopus egg extracts as previously de-
scribed (38). The effect on resection of DNA with 3" avidin
or 5 avidin DNA was then analyzed. As shown in Figure
5A&C, CtIP depletion strongly inhibited the resection of
the 3’ avidin DNA. However, the defect could be efficiently
complemented by the addition of 2x excess MRN. These
effects are similar to those for the 3 ddC DNA and are
not due to spurious co-depletion of MRN (38). The mu-
tant MRN exhibited comparable activity to the wild-type
MRN in complementing CtIP-depleted extracts in support-
ing the resection of 3" avidin (Figure SA&C). In contrast,
CtIP depletion also strongly inhibited the resection of 5’
avidin DNA, but this inhibition could not be rescued by ex-
cess MRN (Figure SB&C). Analysis of the intermediates by
T7 Exo showed that the 5 biotin was still intact in the ab-
sence of CtIP, and this defect could not be overcome by the
addition of excess MRN (Figure 5D). Together, these data
suggest that the requirement of CtIP for resection is also de-
termined by the structure of ends. It is absolutely necessary
for DNA with 5" bulky adducts but dispensable for DNA
with 3’ bulky adducts.

MRN can directly stimulate resection by an Mrel1 nuclease-
independent mechanism

The observation that the Mrel 1 nuclease activity is essential
only for the resection of DNA with 5 bulky adducts suggest
that MRN can promote resection not only by a nuclease-
dependent mechanism but also by a nuclease-independent
mechanism, especially on ends with 3’ bulky adducts. How-
ever, it is also possible that in the absence of Mrell nucle-
ase activity, another nuclease in the extract, such as CtIP,
might provide a substitution. To rigorously test the hypoth-
esis of a nuclease-independent mechanism for Mrell, we
compared the activity of the wild-type MRN complex and
the mutant MRN complex in stimulating the resection ac-
tivity of the purified Exol enzyme on DNA with 3’ bulky
adducts. Exol has intrinsic 5— 3" ds-DNA exonuclease ac-
tivity, even against DNA with 3’ biotin (Figure 6A). This
activity was inhibited by the presence of avidin at the 3
end. Similarly, 3" avidin also inhibited the activity of lambda
exonuclease, another enzyme that degrades ds-DNA in the
5'— 3’ direction. These observations confirm that a 3’ bulky
adduct poses a general steric hindrance to DNA exonucle-
ases. However, the steric hindrance to Exol could be com-
pletely overcome by the wild-type MRN complex. In con-
trast, MRN showed much weaker relief to the steric hin-
drance to lambda exonuclease. These results demonstrated

that the stimulatory effect of Exol by MRN is specific, con-
sistent with the known protein-protein interaction between
the two (38,40,52). When the nuclease mutant MRN was ex-
amined, it displayed an equal activity in stimulating Exol’s
degradation of the 3’ avidin DNA (Figure 6B). Together,
these data demonstrate that MRN can indeed stimulate re-
section by a mechanism independent of the Mrel 1 nuclease
activity.

DISCUSSION

In this study, we investigated the effect of end structure on
the choice of DSB repair pathways and mechanism of re-
section. Our major findings are: (i) DNA with normal nu-
cleotides at ends are channeled to NHEJ; (ii)) DNA with
damaged nucleotides or bulky adducts at ends are refrac-
tory to NHEJ and preferentially channeled to 5 resection;
(iii) the resection of DNA with 3’ bulky adducts does not
require the removal of adducts; (iv) in contrast, the resec-
tion of DNA with 5 bulky adducts requires the removal of
adducts; (v) the MRN complex is absolutely required for
the resection of all the types of DNA tested; (vi) however,
the nuclease activity of Mrell is required only for the re-
section of DNA with 5 bulky adducts; (vii) CtIP is also re-
quired only for the resection of DNA with 5’ bulky adducts;
(viii)) MRN can promote resection by a nuclease-dependent
mechanism as well as a nuclease-independent mechanism.
Together, these findings, when combined with other studies
in literature, have elucidated the general principles of how
end structures impact the choice of repair pathways and the
dependence on Mrell nuclease activity.

The structure of ends has three types of effect on the
choice of DSB repair pathways. DSBs with normal ends
such as those generated by site-specific endonucleases are
ideal substrates for both the NHEJ and the HDR repair
pathways. In budding yeast, the dominant pathway is HR,
but in higher eukaryotes, NHEJ is the dominant pathway,
even during S and G2 phases, most likely due to the abun-
dance of Ku (53). Our data provide direct biochemical evi-
dence that normal ends are indeed preferentially repaired by
NHEJ in higher eukaryotes. Compared to DSBs with nor-
mal ends, DSBs with simple damaged nucleotides are more
difficult to repair by NHEJ. Our data show that these DSBs
are efficiently channeled to resection for HDR. However,
NHE]J can still occur, especially if resection is blocked, as
illustrated by the DNA with 5’ p-Tyr. These observations
are in agreement with in vivo studies showing that 15-20%
of ionizing radiation induced DSBs in human G2 cells are
channeled to resection, but if resection is inhibited, they can
still be repaired by NHEJ (41). Structurally, these ends can
be recognized by Ku, or by repair enzymes, such as Tdp2,
that can remove the damage. NHEJ and HDR are thus still
effectively competing, but the equilibrium favors HDR. In
sharp contrast, DSBs with bulky adducts at ends can only
be channeled to resection. If resection is blocked by de-
pletion of Mrell or CtIP, ends still cannot by repaired by
NHEJ. Structurally, these types of ends are recognized by
MRN but not by Ku (34,54). This provides a mechanistic
explanation for the exclusive channeling of them to resec-
tion. In vivo, Spoll-linked DSBs are indeed channeled to
resection in yeast meiotic cells. In Xenopus egg extracts and
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mitotic cells, Top2-linked DSBs generated during S phase
are also efficiently resected (55-57).

Despite the diversity of end structures, all the DNA sub-
strates tested in this study absolutely require Mrell for re-
section. In vivo, most of the studies suggest that Mrell is
important for the resection of ‘clean ends’ as well as ‘dirty
ends’. However, the nature of ‘dirty ends’, usually induced
by ionizing radiation, laser, or drugs, is ill-defined and most
likely represents a mixture with various types of damaged
nucleotides and/or bulky adducts at either 5 or 3'. Our

study provides a more definitive answer that MRN is in-
deed required for resection regardless of end structure. The
only exception is the DNA with a long 3’ overhang, which
is channeled to MRN-independent resection (38). Struc-
turally, this type of DNA is a poor substrate for the bind-
ing of Ku but ideal for the entry of RecQ-type helicases
(24,58-60). In vivo, there are also exceptions. In budding
yeast, MRX is essential for resection during G2 phase but
not during S phase (50,51). In human cells Mrell does not
affect the resection of ends of reversed replication forks (61).
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of data.

A reasonable hypothesis is that these ends are converted to
3’ ss-overhangs after the collapse or reversal of replication
forks due to the nature of lagging strand synthesis. Further
research is required to test this hypothesis.

The nuclease activity of Mrell has long been proposed
to be critical for the resection of ‘dirty ends’ (35,62-65).
Our data partially confirm this hypothesis but also suggest
that not all ‘dirty’ ends are equal. 5’ bulky adducts abso-
lutely require the Mrell nuclease activity and CtIP. This
is consistent with the hypothesis that the mechanistic role
of Sae2 (and by extrapolation CtIP) in the removal of 5
bulky adducts is to stimulate the endonuclease activity of
Mrell (34). However, due to technical difficulties with the
preparation of active CtIP protein, we could not conduct

rescue experiments to compare the wild-type and the puta-
tive nuclease-dead CtIP proteins. As such, our data cannot
rigorously rule out the possibility that CtIP might also func-
tion as a nuclease (66,67). In vivo, resection of S. cerevisiae
meiotic DSBs, which carry Spol1 at the 5’ end, is dependent
on the Mrel 1 nuclease activity and Sae2 (30,35,68). How-
ever, the Mrell nuclease activity is not absolutely required
for the resection of DNA with other types of ends, in par-
ticular ends with 3’ bulky adducts. This is in agreement with
studies in S. cerevisiae showing that the Mrel 1 nuclease mu-
tant causes only a slight delay in the resection of IR-induced
DSBs, most of which carry simple damaged bases at ends
(69). Enzymatically, 3’ bulky adducts also induce Sae2 to ac-
tivate Mrel1’s endonuclease activity to cleave the 5 strand
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(34). However, our data suggest that this cleavage, if it does
happen in total extracts or cells, is not essential for MRN to
initiate resection. Structurally, 3’ bulky adducts pose a gen-
eral steric hindrance to both Exol and lambda exonuclease,
but MRN can efficiently help Exol overcome this hindrance
and attack the 5 end, which is still accessible. The nucle-
ase mutant MRN is fully capable of stimulating the purified
Exol on ends with 3’ avidin. It has been previously shown
that the budding yeast Mrell nuclease mutant can stimu-
late Exol to resect DNA, but only in the presence of Sae2,
which also has nuclease activity (40). Our data thus provide
more definitive evidence that MRN can directly stimulate
resection by a nuclease-independent mechanism. In support
of this mechanism, MRN is known to interact with resec-
tion proteins to promote their recruitment to DNA ends
(38). In the absence of Mrell nuclease activity, the actual
degradation of 5" strand DNA is most likely carried out
completely by Exol and DNA2 as suggested by previous
studies (45,70). It should be emphasized that the 3" adduct
eventually has to be removed for the repair to be completed.
The enzyme(s) responsible for this post-resection step is cur-
rently unknown. One candidate is still the Mrel1 nuclease
activity, which has been shown to facilitate the removal of
Topoisomerase 1 (Topl) covalently trapped to the 3’ end of
DNA by camptothecin in the fission yeast S. pombe (71). If
so, the reaction mechanism must be distinct from that of 5’
bulky adduct removal because it is stimulated rather than
inhibited in the absence of Ctpl, the S. pombe homolog of
Sae2/CtIP (71).

In summary, our study suggests a model for the pathway
choice of DSB repair and the role of Mrell nuclease ac-
tivity in resection (Figure 7). Normal ends are efficiently
repaired by NHEJ or HDR and the relative contribution
of each pathway is dependent on organism, cell type, and
cell cycle stage. In contrast, ‘dirty’ ends are more difficult
to repair by NHEJ and consequently channeled to resec-
tion for HDR. However, if resection is inhibited, such as
during G1 phase, structurally simple ‘dirty’ ends can still
be channeled to NHEIJ. In contrast, ‘dirty’ ends with bulky

terminal adducts have no choice but resection. Resection
of all ends except those with 3’ overhangs is dependent on
MRN. MRN can initiate resection by two mechanisms. One
is nuclease-dependent by introducing a cut near the 5’ end
and other is nuclease-independent by directly recruiting re-
section proteins to ends.

FUNDING

National Institutes of Health [RO1 GM57962 to H.Y.].
Funding for open access charge: National Institutes of
Health.

Conflict of interest statement. None declared.

REFERENCES

1. Friedberg,E., Walker,G.C., Siede,W., Wood,R.D., Schultz,R.A. and
Ellenberger,T. (2006) DNA Repair and Mutagenesis. ASM Press,
Washington, D.C.

2. Ciccia,A. and Elledge,S.J. (2010) The DNA damage response:
making it safe to play with knives. Mol. Cell, 40, 179-204.

3. Povirk,L.F. (2012) Processing of damaged DNA ends for
double-strand break repair in mammalian cells. ISRN Mol. Biol.,
2012, doi:10.5402/2012/345805.

4. Nussenzweig,A. and Nussenzweig, M.C. (2010) Origin of
chromosomal translocations in lymphoid cancer. Cell, 141, 27-38.

5. Zhang,Y., Gostissa,M., Hildebrand,D.G., Becker,M.S., Boboila,C.,
Chiarle,R., Lewis,S. and Alt,F.W. (2010) The role of mechanistic
factors in promoting chromosomal translocations found in lymphoid
and other cancers. Adv. Immunol., 106, 93-133.

6. Pommier,Y. (2013) Drugging topoisomerases: lessons and challenges.
ACS Chem. Biol., 8, 82-95.

7. Vilenchik, M.M. and Knudson,A.G. (2003) Endogenous DNA
double-strand breaks: production, fidelity of repair, and induction of
cancer. Proc. Natl. Acad. Sci. U.S. A., 100, 12871-12876.

8. O’Driscoll,M. and Jeggo,P.A. (2006) The role of double-strand break
repair - insights from human genetics. Nat. Rev. Genet., 7, 45-54.

9. Nitiss,J.L. (2009) Targeting DNA topoisomerase 11 in cancer
chemotherapy. Nat. Rev. Cancer, 9, 338-350.

10. Srivastava,M. and Raghavan,S.C. (2015) DNA double-strand break
repair inhibitors as cancer therapeutics. Chem. Biol., 22, 17-29.

11. Helleday,T., Lo,J., van Gent,D.C. and Engelward,B.P. (2007) DNA
double-strand break repair: from mechanistic understanding to
cancer treatment. DNA Repair, 6, 923-935.

12. Powell,S.N. and Bindra,R.S. (2009) Targeting the DNA damage
response for cancer therapy. DNA Repair, 8, 1153-1165.



5700 Nucleic Acids Research, 2016, Vol. 44, No. 12

13.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Konstantinopoulos,P.A., Ceccaldi,R., Shapiro,G.I. and
D’Andrea,A.D. (2015) Homologous Recombination Deficiency:
Exploiting the Fundamental Vulnerability of Ovarian Cancer.
Cancer Discoy.

Symington,L.S. (2002) Role of RADS2 epistasis group genes in
homologous recombination and double-strand break repair.
Microbiol. Mol. Biol. Rev., 66, 630-670.

Hartlerode,A.J. and Scully,R. (2009) Mechanisms of double-strand
break repair in somatic mammalian cells. Biochem. J., 423, 157-168.
Symington,L.S. and Gautier,J. (2011) Double-strand break end
resection and repair pathway choice. Annu. Rev. Genet., 45, 247-271.

. Ceccaldi,R., Rondinelli,B. and D’Andrea,A.D. (2015) Repair

pathway choices and consequences at the double-strand break.
Trends Cell Biol., 26, 52-64.

. Riballo,E., Kuhne,M., Rief,N., Doherty,A., Smith,G.C., Recio,M.J.,

Reis,C., Dahm,K., Fricke,A., Krempler,A. et al. (2004) A pathway of
double-strand break rejoining dependent upon ATM, Artemis, and
proteins locating to gamma-H2AX foci. Mol. Cell, 16, 715-724.
Toczylowski, T. and Yan,H. (2006) Mechanistic analysis of a DNA
end processing pathway mediated by the Xenopus Werner syndrome
protein. J. Biol. Chem., 281, 33198-33205.

Gravel,S., Chapman,J.R., Magill,C. and Jackson,S.P. (2008) DNA
helicases Sgsl and BLM promote DNA double-strand break
resection. Genes Dev., 22, 2767-2772.

Liao,S., Toczylowski,T. and Yan,H. (2008) Identification of the
Xenopus DNA2 protein as a major nuclease for the 5'—3'
strand-specific processing of DNA ends. Nucleic Acids Res., 36, 10.
Mimitou,E.P. and Symington,L.S. (2008) Sae2, Exol and Sgsl
collaborate in DNA double-strand break processing. Nature, 455,
770-774.

Zhu,Z., Chung,W.H., Shim,E.Y., Lee,S.E. and Ira,G. (2008) Sgsl
helicase and two nucleases Dna2 and Exol resect DNA
double-strand break ends. Cell, 134, 981-994.

Yan,H., Toczylowski, T., McCane,J., Chen,C. and Liao,S. (2011)
Replication protein A promotes 5'— 3’ end processing during
homology-dependent DNA double-strand break repair. J. Cell Biol.,
192, 251-261.

Furuse,M., Nagase,Y., Tsubouchi,H., Murakami-Murofushi,K.,
Shibata,T. and Ohta,K. (1998) Distinct roles of two separable in vitro
activities of yeast Mrell in mitotic and meiotic recombination.
EMBO J., 17, 6412-6425.

Paull, T.T. and Gellert,M. (1998) The 3’ to 5’ exonuclease activity of
Mre 11 facilitates repair of DNA double-strand breaks. Mol. Cell, 1,
969-979.

Trujillo,K.M., Yuan,S.S., Lee,E.Y. and Sung,P. (1998) Nuclease
activities in a complex of human recombination and DNA repair
factors Rad50, Mrell, and p95. J. Biol. Chem., 273, 21447-21450.
Williams,R..S., Moncalian,G., Williams,J.S., Yamada,Y., Limbo,O.,
Shin,D.S., Groocock,L.M., Cahill,D., Hitomi,C., Guenther,G. et al.
(2008) Mrel 1 dimers coordinate DNA end bridging and nuclease
processing in double-strand-break repair. Cell, 135, 97-109.
Stracker,T.H. and Petrini,J.H. (2011) The MRE11 complex: starting
from the ends. Nat. Rev. Mol. Cell Biol., 12, 90-103.

Garcia, V., Phelps,S.E., Gray,S. and Neale,M.J. (2011) Bidirectional
resection of DNA double-strand breaks by Mrell and Exol. Nature,
479, 241-244.

Jazayeri,A., Falck,J., Lukas,C., Bartek,J., Smith,G.C., Lukas,J. and
Jackson,S.P. (2006) ATM- and cell cycle-dependent regulation of
ATR in response to DNA double-strand breaks. Nat. Cell Biol., 8,
37-45.

Buis,J., Wu,Y., Deng,Y., Leddon,J., Westfield,G., Eckersdorff,M.,
Sekiguchi,J. M., Chang,S. and Ferguson,D.O. (2008) Mrel1 nuclease
activity has essential roles in DNA repair and genomic stability
distinct from ATM activation. Cell, 135, 85-96.

Shibata,A., Moiani,D., Arvai,A.S., Perry,J., Harding,S.M.,
Genois,M.M., Maity,R., van Rossum-Fikkert,S., Kertokalio,A.,
Romoli,F. ez al. (2014) DNA double-strand break repair pathway
choice is directed by distinct MRE11 nuclease activities. Mol. Cell,
53, 7-18.

Cannavo,E. and Cejka,P. (2014) Sae2 promotes dsDNA
endonuclease activity within Mrel1-Rad50-Xrs2 to resect DNA
breaks. Nature, 514, 122-125.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Llorente,B. and Symington,L.S. (2004) The Mrel 1 nuclease is not
required for 5" to 3’ resection at multiple HO-induced double-strand
breaks. Mol. Cell. Biol., 24, 9682-9694.

Cejka,P., Cannavo,E., Polaczek,P.,, Masuda-Sasa,T., Pokharel,S.,
Campbell,J.L. and Kowalczykowski,S.C. (2010) DNA end resection
by Dna2-Sgs1-RPA and its stimulation by Top3-Rmil and
Mrel1-Rad50-Xrs2. Nature, 467, 112-116.

Niu,H., Chung,WH., Zhu,Z., Kwon,Y., Zhao,W., Chi,P,
Prakash,R., Seong,C., Liu,D., Lu,L. ez al. (2010) Mechanism of the
ATP-dependent DNA end-resection machinery from Saccharomyces
cerevisiae. Nature, 467, 108—111.

Liao,S., Guay,C., Toczylowski,T. and Yan,H. (2012) Analysis of
MREI!1’s function in the 5'— 3’ processing of DNA double-strand
breaks. Nucleic Acids Res., 40, 4496-4506.

Sturzenegger,A., Burdova,K., Kanagaraj,R., Levikova,M., Pinto,C.,
Cejka,P. and Janscak,P. (2014) DNA2 cooperates with the WRN and
BLM RecQ helicases to mediate long-range DNA-end resection in
human cells. J. Biol. Chem., 289, 27314-27326.

Nicolette,M.L., Lee,K., Guo,Z., Rani,M., Chow,J.M., Lee,S.E. and
Paull, T.T. (2010) Mrel1-Rad50-Xrs2 and Sae2 promote 5’ strand
resection of DNA double-strand breaks. Nat. Struct. Mol. Biol., 17,
1478-1485.

Shibata,A., Conrad,S., Birraux,J., Geuting,V., Barton,O., Ismail,A.,
Kakarougkas,A., Meek,K., Taucher-Scholz,G., Lobrich,M. et al.
(2011) Factors determining DNA double-strand break repair
pathway choice in G2 phase. EMBO J., 30, 1079-1092.

Smythe,C. and Newport,J.W. (1991) In: Hamkalo,BA and Elgin,SCR
(eds). Methods Cell Biol. Academic Press, NY, Vol. 35, pp. 449-468.
Labhart,P. (1999) Ku-dependent nonhomologous DNA end joining
in Xenopus egg extracts. Mol. Cell. Biol., 19, 2585-2593.

Di Virgilio,M. and Gautier,J. (2005) Repair of double-strand breaks
by nonhomologous end joining in the absence of Mrell. J. Cell Biol.,
171, 765-771.

Liao,S., Toczylowski,T. and Yan,H. (2011) Mechanistic analysis of
Xenopus EXO1’s function in 5'-strand resection at DNA
double-strand breaks. Nucleic Acids Res., 39, 5967-5977.
Bayer,E.A., Viswanatha,T. and Wilchek,M. (1975) The use of a
homologous series of affinity labeling reagents in the study of the
biotin transport system in yeast cells. FEBS Lett., 60, 309-312.
Cortes Ledesma,F., El Khamisy,S.F., Zuma,M.C., Osborn,K. and
Caldecott,K.W. (2009) A human 5'-tyrosyl DNA phosphodiesterase
that repairs topoisomerase-mediated DNA damage. Nature, 461,
674-678.

Gao,R., Huang,S.Y., Marchand,C. and Pommier,Y. (2012)
Biochemical characterization of human tyrosyl-DNA
phosphodiesterase 2 (TDP2/TTRAP): a Mg(2+)/Mn(2+)-dependent
phosphodiesterase specific for the repair of topoisomerase cleavage
complexes. J. Biol. Chem., 287, 30842-30852.

Lee,S.E., Moore,J.K., Holmes,A., Umezu,K., Kolodner,R.D. and
Haber,J.E. (1998) Saccharomyces Ku70, mrel1/rad50 and RPA
proteins regulate adaptation to G2/M arrest after DNA damage.
Cell, 94, 399-409.

Diede,S.J. and Gottschling,D.E. (2001) Exonuclease activity is
required for sequence addition and Cdc13p loading at a de novo
telomere. Curr. Biol, 11, 1336-1340.

Ira,G., Pellicioli,A., Balijja,A., Wang,X., Fiorani,S., Carotenuto,W.,
Liberi,G., Bressan,D., Wan,L., Hollingsworth,N.M. et al. (2004)
DNA end resection, homologous recombination and DNA damage
checkpoint activation require CDK1. Nature, 431, 1011-1017.
Nimonkar,A.V., Genschel,J., Kinoshita,E., Polaczek,P.,
Campbell,J.L., Wyman,C., Modrich,P. and Kowalczykowski,S.C.
(2011) BLM-DNA2-RPA-MRN and EXO1-BLM-RPA-MRN
constitute two DNA end resection machineries for human DNA
break repair. Genes Dev., 25, 350-362.

Fattah,F., Lee,E.H., Weisensel,N., Wang,Y., Lichter,N. and
Hendrickson,E.A. (2010) Ku regulates the non-homologous end
joining pathway choice of DNA double-strand break repair in
human somatic cells. PLoS Genet., 6, €1000855.

Roberts,S.A. and Ramsden,D.A. (2007) Loading of the
nonhomologous end joining factor, Ku, on protein-occluded DNA
ends. J. Biol. Chem., 282, 10605-10613.

Tammaro,M., Barr,P., Ricci,B. and Yan,H. (2013)
Replication-dependent and transcription-dependent mechanisms of



56.

57.

8.

59.

60.

6l.

62.

63.

64.

DNA double-strand break induction by the topoisomerase
2-targeting drug Etoposide. PLoS One, 8, €79202.

Tammaro,M., Liao,S., Beeharry,N. and Yan,H. (2016) DNA
double-strand breaks with 5’ adducts are efficiently channeled to the
DNA2-mediated resection pathway. Nucleic Acids Res., 44, 221-231.
Aparicio,T., Baer,R., Gottesman,M. and Gautier,J. (2016) MRN,
CtIP, and BRCA1 mediate repair of topoisomerase II-DNA adducts.
J. Cell Biol., 212, 399-408.

Balestrini,A., Ristic,D., Dionne,I., Liu,X.Z., Wyman,C.,
Wellinger,R.J. and Petrini,J.H. (2013) The Ku heterodimer and the
metabolism of single-ended DNA double-strand breaks. Cell Rep., 3,
2033-2045.

Foster,S.S., Balestrini,A. and Petrini,J.H. (2011) Functional interplay
of the Mrel 1 nuclease and Ku in the response to
replication-associated DNA damage. Mol. Cell Biol., 31, 4379-4389.
Fry,M. (2002) The Werner syndrome helicase-nuclease—one protein,
many mysteries. Sci. Aging Knowledge Environ., 2002, re2.
Thangavel,S., Berti,M., Levikova,M., Pinto,C., Gomathinayagam,S.,
Vujanovic,M., Zellweger,R., Moore,H., Lee,E.H., Hendrickson,E.A.
et al. (2015) DNA2 drives processing and restart of reversed
replication forks in human cells. J. Cell Biol., 208, 545-562.

Usui,T., Ohta,T., Oshiumi,H., Tomizawa,J., Ogawa,H. and Ogawa,T.
(1998) Complex formation and functional versatility of Mrell of
budding yeast in recombination. Cell, 95, 705-716.

Bressan,D.A., Baxter,B.K. and Petrini,J.H. (1999) The
Mrel1-Rad50-Xrs2 protein complex facilitates homologous
recombination-based double-strand break repair in Saccharomyces
cerevisiae. Mol. Cell Biol, 19, 7681-7687.

Moreau,S., Ferguson,J.R. and Symington,L.S. (1999) The nuclease
activity of Mrell is required for meiosis but not for mating type

65.

66.

67.

68.

69.

70.

71.

Nucleic Acids Research, 2016, Vol. 44, No. 12 5701

switching, end joining, or telomere maintenance. Mol. Cell Biol., 19,
556-566.

Neale,M.J., Pan,J. and Keeney,S. (2005) Endonucleolytic processing
of covalent protein-linked DNA double-strand breaks. Nature, 436,
1053-1057.

Makharashvili,N., Tubbs,A.T., Yang,S.H., Wang,H., Barton,O.,
Zhou,Y., Deshpande,R.A., Lee,J.H., Lobrich,M., Sleckman,B.P.

et al. (2014) Catalytic and noncatalytic roles of the CtIP
endonuclease in double-strand break end resection. Mol. Cell, 54,
1022-1033.

Wang,H., Li,Y.,, Truong,L.N., Shi,L.Z., Hwang,P.Y., He,J., Do.J.,
Cho,M.J, Li,H., Negrete,A. et al. (2014) CtIP maintains stability at
common fragile sites and inverted repeats by end
resection-independent endonuclease activity. Mol. Cell, 54,
1012-1021.

Keeney,S. and Kleckner,N. (1995) Covalent protein-DNA complexes
at the 5 strand termini of meiosis-specific double-strand breaks in
yeast. Proc. Natl. Acad. Sci. U.S.A., 92, 11274-11278.

Barlow,J.H., Lisby,M. and Rothstein,R. (2008) Differential
regulation of the cellular response to DNA double-strand breaks in
GI1. Mol. Cell, 30, 73-85.

Shim,E.Y., Chung,W.H., Nicolette,M.L., Zhang,Y., Davis,M.,
Zhu,Z., Paull, T.T., Ira,G. and Lee,S.E. (2010) Saccharomyces
cerevisiae Mrell1/Rad50/Xrs2 and Ku proteins regulate association
of Exol and Dna2 with DNA breaks. EMBO J., 29, 3370-3380.
Hartsuiker,E., Neale,M.J. and Carr,A.M. (2009) Distinct
requirements for the Rad32(Mrel 1) nuclease and Ctp1(CtIP) in the
removal of covalently bound topoisomerase I and II from DNA.
Mol. Cell, 33, 117-123.



